Glutathione S-transferase pi (GST-pi), a Phase II detoxification enzyme, has recently been implicated in protection against apoptosis. Expression of GST-pi and Bcl-2 protein, an established apoptosis marker, was analyzed by immunohistochemistry in 116 cases of infiltrative ductal breast carcinomas in Singapore women. The markers were correlated with apoptosis detected by the TUNEL method and clinico-pathological parameters. There were 67 (58%) GST-pi-positive breast tumors and 43 (37%) Bcl-2-positive tumors. In a large proportion of GSTpi-positive/Bcl-2-positive tumors, there was a distinct accumulation of the GST-pi enzyme within the nucleus of cancer cells when examined by double immunofluorescence labeling under confocal microscopy. GST-pi immunoreactivity was not significantly correlated with any of the traditional histologic factors known to influence prognosis, whereas Bcl-2 overexpression was associated with reduced size of primary tumor (P ‫؍‬ .021) and positive estrogen receptor status (P ‫؍‬ .001). Univariate analysis revealed that GST-pi-positive, Bcl-2-positive, and lower histological grade tumors had decreased levels of apoptosis (P ‫؍‬ .024, P ‫؍‬ .011, and P ‫؍‬ .029, respectively). However, multivariate analysis showed that histological grade and Bcl-2, but not GST-pi, immunoreactivity were correlated with apoptotic status. The Kaplan-Meier disease-free survival curves showed a significant difference between GST-pi-positive and GST-pi-negative breast cancer cases (P ‫؍‬ .002). Disease-free survival in patients with GST-pi-positive tumors was also worse than that in patients with GST-pi-negative tumors in the group who had adjuvant chemotherapy (P ‫؍‬ .04). In patients who were lymph node positive, GST-pi immunopositivity was found to influence disease-free survival. Recurrence of tumors was also significantly affected by GST-pi immunoreactivity (relative risk of 8.1). The findings indicate that GST-pipositive tumors are more aggressive and have a poorer prognosis than do corresponding GST-pinegative breast cancers.
Glutathione S-transferase-pi (GST-pi) belongs to a major group of detoxification enzymes that is widely distributed in the human body (1) . In normal human tissues, the enzyme protects cells against noxious compounds by catalyzing conjugating reactions with glutathione and protects against reactive oxygen species by reducing organic hydroperoxides via glutathione peroxidase activity (2) . The role of GST-pi in tumor growth and progression is less well known. It is reported to be variably expressed in breast cancer (3) and is associated with estrogen receptor level expressed by the tumor (4, 5) . Down-regulation of GST-pi activity in a T-cell line study appears to favor apoptosis (6) and inhibition of GST-pi function induces apoptosis in rat hepatoma cells (7) .
The Bcl-2 protein is known to block apoptosis and prolong the life span of cells (8) . It has been suggested that Bcl-2 plays a part in regulating cellular redox potential in response to oxidative stress (9) . Bcl-2 is known to block lipid peroxidation and generation of reactive oxygen species and cellular redox potentials. Moreover, Bcl-2 has been reported to alter intracellular ion fluxes that occur during apoptosis, including changes in the partitioning of Ca 2ϩ in the cellular organelles such as endoplasmic reticulum, nucleus, and mitochondria (10) . The ability of the Bcl-2 protein to suppress apoptosis has also been linked with glutathione (11) . In the present study, the expression of GST-pi was analyzed by immunohistochemistry in breast cancer in relationship with Bcl-2 expression, apoptosis, and clinical outcome. The aim of this study was to determine the prognostic roles of GST-pi and Bcl-2 in patients with invasive ductal breast cancer. The results were correlated with clinicopathological parameters and disease-free survival.
MATERIAL AND METHODS

Patients, Tumors, Pathological Evaluation, and Clinical Follow-Up
The study population comprised 116 women diagnosed with infiltrative ductal breast carcinomas who had undergone mastectomy or lumpectomy without neoadjuvant treatment between 1998 and 1999 in the Singapore General Hospital. The tissues were fixed in 10% buffered formaldehyde (pH 7.0). The age of the patients ranged from 33 to 86 years, with a median age of 52 years. There was no distant metastasis at the time of diagnosis. The tumor size, estrogen receptor status, and axillary lymph node positivity were determined. Histologic grade of the tumors was established according to the criteria described by Sloane et al. (12) . Information was not available on the estrogen receptor status of two patients because they were not analyzed at the time of diagnosis. Lymph node status in two patients was unknown because they did not undergo axillary lymph node dissection. Seventy-one (61%) patients received cytotoxic chemotherapy in addition to surgical removal of the tumors. Thirtysix (51%) patients received the cyclophosphamide/ methotrexate/5-fluorouracil (CMF) regime, whereas the rest received adriamycin-based regimes such as adriamycin/cyclophosphamide, adriamycin/taxol, and cyclophosphamide/adriamycin/5-fluorouracil. Patient follow-up ranged from 33 to 1464 days, with a median follow-up of 1117 days. Twenty-one patients suffered recurrences, and mean disease-free interval was 981 days.
Immunohistochemistry
Paraffin-embedded sections were stained immunohistochemically for GST-pi using the polyclonal antibody anti-GST-pi antibody (Dako) at 1:200 dilution as described in detail previously (13) . For Bcl-2 expression, sections were preheated in 10 mmol/L citrate buffer at pH 6.0 before incubation with a mouse monoclonal to human Bcl-2 (Cymbus Biotechnology) at 1:20 dilution for 90 minutes. After washing and incubation with the appropriate secondary antibodies, avidin-biotin-peroxidase complex was applied for 1 hour at room temperature to amplify the specific binding of primary antibody. Visualization was achieved by incubating with 3,3' diaminobenzidine tetrachloride (Sigma) as the peroxidase substrate. The sections were then counterstained with hematoxylin. GST-pi expression was considered to be positive when Ͼ10% of tumor cells exhibited cytoplasmic or nuclear staining. Bcl-2 expression was classified as positive when Ͼ30% of tumor cells exhibited cytoplasmic staining (14) .
Double Immunofluorescence Labeling
Co-localization of GST-pi and Bcl-2 was performed on paraffin-embedded samples as previously described (15) . The primary antibodies were incubated in the same medium with the tissue sections at the same concentrations as when they were used singly for immunohistochemistry. Cy3-conjugated secondary anti-rabbit antibody (to detect the GST-pi antibody) at a dilution of 1:800 and FITC-conjugated secondary anti-mouse antibody (to detect the Bcl-2 antibody) at a dilution of 1:200 were then applied for 1 hour at room temperature. After washing in PBS, the sections were mounted with fluorescence mounting media (DAKO). Stained sections were viewed and photographed using the LSM 510 Carl Zeiss confocal laser scanning microscope (equipped with an argon laser) under a Plan Apo 63 ϫ 1.4 NA (oil) objective. Excitation wavelength for Cy3 was at 543 nm, and for FITC, at 488 nm.
TUNEL Method
For the detection of apoptosis in tissue sections, DNA fragmentation was identified using the terminal deoxynucleotidyl transferase-mediated, dUTPbiotin nick end-labeling (TUNEL) technique with the commercially available TdT-FragELTM DNA Fragmentation Detection kit (Oncogene Research Products) (16) in 113 tumor sections. After deparaffinization and rehydration, slides were permeabilized in 20 mg/mL of proteinase K. Endogenous peroxidase was inactivated by treating with 3% hydrogen peroxide. Subsequently, the sections were end-labeled with biotinylated dNTP by TdT for 2 hours at 37°C, and labeled cells were detected using streptavidin-horseradish peroxidase conjugate followed by diaminobenzidine staining. The apoptotic index was defined as the number of apoptotic nuclei per 100 cancer cell nuclei.
Statistical Analysis
For statistical analysis, SPSS software for Windows, Release 10.0, was used. Clinicopathological data was compared between groups of breast tu-mors with different protein expression, using either 2 or Fisher's exact test. The Student's t test was used to compare the mean apoptotic index for different groups of breast tumors. For multivariate analysis of factors associated with apoptosis, log transformation and multiple linear regression was used. Survival curves were plotted by the KaplanMeier method, and the differences between the curves were evaluated by log-rank test. To assess the factors influencing recurrence, multivariate analysis using Cox's proportional hazard models was performed. A P value of Ͻ.05 was considered significant.
RESULTS
There were 67 (58%) GST-pi-positive breast tumors with the GST-pi protein being expressed in the cytoplasm, the nucleus, or both (Fig. 1A) . Fortythree (37%) tumors were found to be bcl-2 positive (Fig. 1B) . Thirty-three (28%) tumors were both Bcl-2 and GST-pi negative, and 27 (23%) were both Bcl-2 and GST-pi positive. Although there was no correlation between GST-pi and Bcl-2 expression (P ϭ .441), Bcl-2 expression appeared to affect the localization of GST-pi. In a large proportion of GST-pipositive/Bcl-2-positive tumors examined, there was a distinct accumulation of the GST-pi enzyme within the nuclei of cancer cells in addition to the cytoplasmic staining when observed by double immunofluorescence labeling under confocal microscopy (Fig. 1, C-E) . Localization of Bcl-2 in the cytoplasm is represented by green fluorescence, and GST-pi expression in the cytoplasm/nucleus, by red fluorescence, whereas co-localization of cytoplasmic GST-pi with Bcl-2 is shown by orange fluorescence. Table 1 shows the distribution of patients according to clinical and histopathological variables. The proportion of GST-pi-positive tumors was not significantly correlated with any of the histologic factors traditionally used for prognosis. In contrast, Bcl-2 overexpression was associated with reduced size of primary tumor (P ϭ .021) and positive estrogen receptor status (P ϭ .001).
Interestingly, GST-pi-positive tumors and Bcl-2-positive tumors had significantly lower apoptotic indices compared with the case of their negative counterparts ( Table 2 ). Histological Grade I and II tumors also had lower apoptotic indices as com- pared with the case of the Grade III tumors. There was no correlation of the apoptotic index with tumor size, axillary lymph node positivity, or estrogen receptor status. However, when analyzed by multivariate analysis, only histological grade and Bcl-2 immunoreactivity were found to be correlated with apoptosis (P ϭ .008 and P ϭ .015, respectively), whereas there was no association between GST-pi immunoreactivity and apoptosis (P ϭ .177).
The Fig. 2) but not between Bcl-2-positive and Bcl-2 negative ones (P ϭ .08; Fig. 3 ). The time to recurrence was also significantly affected by GST-pi immunoreactivity (P ϭ .007), with GST-pi immunopositive tumors having a shorter recurrence-free interval, whereas there was no association with Bcl-2 immunoreactivity (P ϭ .09). Surgically treated breast cancer patients who received adjuvant chemotherapy and are categorized by GST-pi and Bcl-2 status are shown in Table 3 . Although there was no significant difference in disease-free survival between Bcl-2 status and the treatment regime after surgery (P ϭ .14 and P ϭ .21 for surgery alone and surgery with adjuvant chemotherapy respectively), GST-pi-positive cases had significantly poorer survival in both groups of patients (Fig. 4 and Fig. 5) .
Even though the mean number of positive axillary lymph nodes in GST-pi-positive and GST-pinegative cases was not significantly different (4.0 Ϯ 0.7 versus 6.0 Ϯ 1.1 respectively; P ϭ .134), GST-pi immunoreactivity was observed to influence disease-free survival in lymph node-positive cases. (P ϭ .002; Fig. 6 ). Details of this subset of patients with respect to other clinicopathologic parameters are shown in Table 4 .
When factors influencing recurrence were analyzed by multivariate analysis, GST-pi status was found to significantly influence disease-free survival (P ϭ .006), with Bcl-2 status having a marginal influence over disease-free survival (P ϭ .067; Table  5 ). The risk of tumor recurrence was eight times higher in patients with GST-pi-positive breast tumors, as the relative risk was 8.1. Conversely, Bcl-2 expression reduced the risk of recurrence in breast cancer patients (relative risk of .31). FIGURE 2. Disease-free survival in patients with GST-pi-positive tumors was worse than that of patients with GST-pi-negative tumors (P ϭ .002).
DISCUSSION
In the present study, GST-pi overexpression was detected in 58% of the breast cancer tissues examined. This finding is similar to that reported in Caucasian populations (17, 18) . We observed that GST-pi expression was not associated with estrogen receptor status with a larger sample, although in a previous smaller study, we found that GST-pi expression was associated with estrogen receptor negativity (13) . This may be due to subtle differences in tumor characteristics between the two samples, as differences in patient selection could result in the presence or absence of this association.
Only 37% of the breast cancers exhibited Bcl-2 overexpression, compared with 49% (19) and 63% (20) in two studies that used the same cutoff to define Bcl-2 overexpression. Whether such varia- CMF ϭ cyclophosphamide/methotrexate/5-fluorouracil regime.
FIGURE 4.
Disease-free survival in patients with GST-pi-positive tumors was inferior to that in patients with GST-pi-negative tumors who underwent surgery without chemotherapy (P ϭ .02).
FIGURE 5.
Disease-free survival in patients with GST-pi-positive tumors was worse than that of patients with GST-pi-negative tumors in the group who had adjuvant chemotherapy (P ϭ .04).
FIGURE 6.
Disease-free survival in node-positive patients was significantly correlated with GST-pi immunoreactivity (P ϭ .002). tions were due to population differences await further confirmatory studies. Nevertheless, consistent with those studies, a higher proportion of Bcl-2-overexpressing tumors remains associated with estrogen receptor-positive tumors and tumors with better prognostic characteristics such as smaller size. GST-pi immunoreactivity was observed to be diffusely located in the cytoplasm in most of the Bcl-2-negative tumors. In contrast, there appeared to be an increased nuclear localization of the GST-pi protein in Bcl-2-overexpressing tumors, as clearly demonstrated by two-color immunofluorescence with confocal microscopy. One plausible explanation for this observed phenomenon is that the Bcl-2 protein has been implicated as a regulator of transport through the nuclear pore (21). GST-pi, which has a molecular weight of 22 kDa, has the potential to gain entry into the nucleus through the nuclear pore complex (22) . The precise role of GST-pi in the nucleus has not been ascertained, although an increased amount of nuclear GST-pi expression has been observed in breast cancer cells resistant to doxorubicin and cis-diamminedichloroplatinum (II; 23). The findings of that study showed that GST-pi was transferred to the nucleus when cells were exposed to the anticancer drugs, thus preventing DNA damage by inhibiting DNA intercalation and DNA cross-linking.
Apoptosis is a fundamental biological process that plays an important role in carcinogenesis (24) . It is well established that this process could be triggered by a variety of agents, including oxidants (25) . Oxidative damage to cells is known to be blocked by antioxidants, which have the capacity to scavenge reactive oxygen species (26) . GST-pi is an antioxidant that is known to inhibit c-Jun N-terminal kinases that are required for maximal induction of apoptosis by DNA damaging agents, a pathway which is mediated by Bcl-2 (27) . In addition, the GST family of enzymes has the capacity to prevent oxidative damage by catalyzing conjugation of electrophiles (28) . However, we did not find a significant correlation of GST-pi expression with apoptosis when evaluated by multivariate analysis.
On the other hand, a higher Bcl-2 immunoreactivity was associated with a lower extent of apoptosis, a finding which is similar to that reported by Vakkala et al. (29) . Suppression of apoptosis is reported to increase mutation frequency (30) , and loss of apoptosis is associated with accumulation of oncogenes (31) . By delaying cell death, the Bcl-2 protein may help to promote the accumulation of mutations, allowing cancer cells to acquire a more malignant phenotype. In view of its anti-apoptotic effects, Bcl-2 expression would apparently promote tumorigenesis. However, Bcl-2 is generally accepted as a favorable prognostic marker in breast carcinoma (32) . In our study, Bcl-2-positive cases appeared to have improved disease-free survival (though not statistically significant). This is understandable, as prognosis is influenced by a host of other factors besides apoptosis. Although dysregulation of apoptosis is known to play an important role in metastasis (33), yet we observed no correlation of lymph node metastasis with Bcl-2.
It has also been demonstrated that the more aggressive infiltrative ductal carcinoma has a lower degree of apoptosis and higher proliferative activity compared with the case of intraductal carcinoma (34) . This contrasts with our finding, in which a higher histological grade was observed to be associated with a raised apoptotic index. In his review, Lipponen (35) stated that increased apoptotic values in breast cancer are related to high histological grade and that the apoptotic index shows a positive correlation with indicators of cell proliferation such as mitotic index. Mitotic activity is one of the factors used in determining histological grade (12) , and this could explain why histological Grade III tumors had higher apoptotic values than Grade I and II breast tumors.
The GST family of enzymes has long been implicated in chemotherapeutic drug resistance (36). Chemoresistance is a major cause for failure in cancer therapy, and modulation of cellular proteins such as GST-pi involved in detoxification has been suggested as one of the mechanisms that contribute to drug resistance (37) . GST-pi expression has been reported to be related to clinical drug resistance (38) . In our study, we found a significantly poorer disease-free survival in patients with GSTpi-positive breast tumors who received adjuvant chemotherapy after surgery, as compared with patients who had GST-pi-negative tumors.
Earlier on, Gilbert et al. (5) suggested that increased GST-pi expression could be an important predictor of early recurrence and death in nodenegative breast cancer patients. We observed that patients with GST-pi immunopositivity had a higher relative risk of recurrence (8 times) when compared with their GST-pi-negative counterparts. This finding is in accord with that reported by Silverstrini and co-workers (18) , who found that the risk of local recurrence at 6 years was higher for patients with tumors exhibiting elevated levels of GST-pi protein. On the other hand, our finding of a reduced risk of recurrence in breast cancer patients with Bcl-2 expression (although the P value was marginally significant) is in concert with that reported by Castiglione and colleagues (39) . They observed that a positive Bcl-2 status had a favorable impact on recurrence-free survival in European patients with breast cancer.
In conclusion, GST-pi expression appears to be an independent predictor of poor prognosis in breast cancer patients. Disease-free survival was worse in patients with GST-pi-positive breast tumors, and the relative risk of tumor recurrence was higher. GST-pi was linked with unfavorable disease outcome in node-positive breast cancer patients. It would appear that GST-pi can be added to the list of new and promising prognostic factors, such as tumor angiogenesis, epidermal growth factor receptor, and transforming growth factor alpha, that provide significant information in the clinical management of breast cancer patients (40) .
